For similar physical-chemical processes in chemistry and biology, the phenomenon of linear enthalpyentropy compensation (EEC) is a thermodynamic puzzle remaining unexplained for a long time. The basic thermodynamic rules do not rigorously support the EEC phenomenon. In some restricted conditions EEC may appear linear with nonrealistic (i.e. hypothetical) values of the slope (the compensation temperature), and the intercept (the compensation free energy). The compensation temperature (T comp ) is normally higher than the experimental temperature. Compensation temperature may even become negative, and the related phenomenon is called anti-enthalpy-entropy compensation (AEEC). Negative T comp is unrealistic. Both EEC and AEEC are not explainable; the derived T comp and ΔG comp (free energy of compensation) of the EEC plot are impractical. The neglect of the Gibbs free energy changes (of similar processes in the EEC plot) makes the phenomenon arbitrary. In a restricted condition (i.e. narrow free energy window range) linear compensation is an assumed solution. In overall consideration, the reported correlations are physicochemically uncertain. The said compensation may arise for both kinetic and equilibrium processes. The manifestations are nearly same. Our demonstration and discussion in this paper pertain to equilibrium processes.
IT is known for over a century that many similar kinetic and equilibrium processes (both chemical and biochemical) at constant temperature may show linear compensation between enthalpy and entropy whose slope would be different (normally higher) from the experimental temperature. This phenomenon is called 'enthalpy-entropy compensation' (EEC) effect [1] [2] [3] [4] [5] . It may be said that no proper explanation of the EEC effect has so far been found, although different kinds of explanations have been put forward. These are: extra-thermodynamic, experimental error related (statistical), solvation effect, presence of microscopic carnot-cycle in the system, etc. In the recent past, we had revisited the EEC effect, and showed conditions required for its apparent occurrence [6] [7] [8] [9] . We showed that a negative or anti-enthalpy-entropy compensation (AEEC) effect might also arise which is reported less in literature [10] [11] [12] [13] [14] . However, we would like to mention that several old and recent literature references on EEC can be found in our publications [6] [7] [8] and those of others [1] [2] [3] [4] [5] 15 . Therefore, elaborate referencing has not been done in this article. We opine that misconception, and non-rigorous uses of thermodynamic parameters have made the effect to appear as a valid finding, masking the real issue. Linear plots normally found in literature are thermodynamically and mathematically not sound. The neglect of the contribution of Gibbs free energy (G) in the manifestation of EEC effect is the main lapse. Planned analysis on similar systems acknowledging the range of Gibbs free energy change (ΔG) is required for realistic evaluation of both EEC and AEEC manifestations. It is known that EEC is also manifested by kinetic processes in terms of their thermodynamic activation parameters (ΔG ≠ , ΔH ≠ and ΔS ≠ ) 4,5 . The phenomenon for both kinetic and equilibrium processes were earlier discussed together by us 6 . The treatments are basically similar.
Here, we have dealt with the EEC and AEEC of equilibrium processes. Kinetic processes are yet to be known to produce AEEC.
Thermodynamic parameters (T, ΔG, ΔH and ΔS) in framing EEC
Any chemical and biochemical process must be associated with changes in thermodynamic parameters, Gibbs free energy (ΔG), enthalpy (ΔH), entropy (ΔS) and temperature (T). There are well known methods to determine ΔG and ΔH (cf. any text book of physical chemistry).
Entropy change ΔS cannot be directly determined but obtained from ΔG and ΔH in terms of the following unique and important thermodynamic relation
At a constant T, any thermodynamic process can have distinct measured values of ΔG and ΔH which may be used in eq. (1) to derive ΔS. It may be mentioned that using ΔG values at different temperatures, ΔH values can be derived from van't Hoff equation. This is an indirect way of getting ΔH. By calorimetry, direct determination of ΔH at a desired temperature can be done with good accuracy [16] [17] [18] [19] . For processes (similar or dissimilar) having either the same or very close ΔG values at a constant T, the plot of ΔH versus ΔS should yield a straight line (Figure 1 ) satisfying (eq. (1)). A process done at different temperatures is expected to produce series of straight lines with variable intercepts, ΔG 1 , ΔG 2 , ΔG 3 , etc. and slopes, T 1 , T 2 , T 3 , etc. (Figure 1 inset). Therefore, temperature has a contribution to the values of other thermodynamic parameters, which is expected. By definition ΔS is equal to -(δΔG/δ T) and experimentally, ΔH is a function of T. It is stated above that EEC effect arises for similar processes. By similar processes we mean, for example, a kinetic or equilibrium process conducted in different pure or mixed solvents of nearly similar categories. It may also be the solubilization of same category of homologous compounds (like alkanols, amines, ketones, etc.) in a solvent water or otherwise. Dissimilar systems are not considered in the EEC analysis. According to Sharp 20 , EEC is 'a linear relationship between ΔH and ΔS for some series of perturbations or changes in experimental variables'. According to Krug 21 'such observed compensations may result for chemical reasons or they may result merely as experimental artifacts'. Fox et al. 15 opine that the H/S compensation occurs in biomolecular recognition: 'studying H/S compensation can help the still murky-roles of water and dynamics in biomolecular recognition and self-assembly'. Thus different opinions (including completely antagonistic opinions) are found in literature. An unequivocal explanation of the EEC Figure 1 . ΔH versus ΔS plot according to eq. (1), where T is the experimental temperature (slope), and ΔH = ΔG = intercept at ΔS = 0. Inset: Same plot at three different temperatures. Gibbs free energy change locations are identified on the ordinate at ΔS = 0.
process is yet to be made. Literature search finds different categories of similar systems, both kinetic and equilibrium types to manifest EEC 6, 7 . In similar systems, each process has its own ΔG, ΔH and ΔS values at a constant T. Their conventional compensation plot is presented in Figure 2 , where the slope of EEC line is different from the experimental temperature, T expt and is called the compensation temperature T comp which is normally higher than the T expt . According to the reports, EEC may follow the relation
where α and β are the intercept and slope respectively, having dimensions of free energy and temperature. Here, β = T comp and α = ΔG comp (free energy of compensation); these parameters are obtained only from the compensation plot, which cannot be estimated otherwise. Therefore, α and β are thermodynamically non-explainable. In this connection, the rationale of the form of eq. (1), and the thermodynamic nature of the terms α and β of eq. (2) have been explained by us in our previous studies 6, 8 . Starikov 9 also dealt with it.
Drawback of the EEC concept
The conventional linearity of EEC shown in Figure 2 (in terms of eq. (2)) is arbitrary. The course could be haphazard, curved (concave, convex or wavy), and decided by the nature of the process under consideration as well as and T comp > T. T comp = β and α = ΔG comp found from extrapolation at ΔS = 0. The free energy range between ΔG 1 and ΔG 4 is called the free energy window (FEW). For ΔG 1 = ΔG 2 = ΔG 3 = constant (= ΔG 4 ), i.e. FEW = 0, we get line L following eq. (1) (not a compensation line: slope = T expt ) as described in the text. the number of similar processes considered in the demonstration, i.e. the range of ΔG values found or the FEW. These features have been ignored by earlier researchers, where their aim had only been on linearity of EEC which of course resulted from analytical and experimental limitations. The neglect of the importance of ΔG in the treatment has paid a negative dividend to the results. It is to be mentioned here that Sharp 20 and Cooper et al. 22 considered requirement of much lower magnitudes of ΔG than ΔH for EEC manifestation. How the width of FEW (irrespective of the magnitudes of the constituent ΔGs) may control the EEC plot has been recently demonstrated by us 8 . For different similar processes (say four), there should be four ΔGs, viz. ΔG 1 , ΔG 2 , ΔG 3 and ΔG 4 . There will be also four different associated ΔHs (ΔH 1 , ΔH 2 , ΔH 3 and ΔH 4 ), and four different ΔSs (ΔS 1 , ΔS 2 , ΔS 3 and ΔS 4 ). Plot of each set (say L) should produce a linear line of intercept, ΔG 1 , slope, T, and the apex in two-dimensional space determined by (ΔH 1 , ΔS 1 ). Thus, the four sets of results ought to produce four parallel straight lines in the enthalpy-entropy plots. The spread of 'ΔG 1 , ΔG 2 , ΔG 3 and ΔG 4 ' is called the FEW.
The above discussed way of plotting is presented for the first time in detail by us. It is obvious that if FEW = 0, then the plot in Figure 2 becomes equivalent to the plot in Figure 1 change (the illustrated linearity is not though guaranteed). In a narrow FEW range, the EEC plot is closely equivalent to the thermodynamic eq. (1).
In Figure 3 , the arbitrarily drawn sigmoidal curve shows possibilities of both concave and convex patterns. Here, in short FEW ranges linearity is obvious. Thus, FEW, an important energetic parameter, although mentioned in literature 8, 20, 22 , was not seriously considered in the past. We have reported a sigmoidal type EEC manifestation (cf. figure 3 d in ref. 8) for ligand binding to biomaterials. The demonstrated plot in Figure 2 was first shown by us 8 , wherein contributions of all the thermodynamic parameters are interrelated as a general depiction of EEC manifestation.
In Figure 4 , a practical demonstration of EEC courses is presented. There are enough data points in each to distinctly exhibit both concave (a) and convex (b) nature of plots discussed above. Here, short regions as usual may show linear trends with varied slopes (Figure 3 ). In Figure 4 (ΔH versus TΔS dependence), the linear slope is expected to be an unity. Deviation should be accounted for T comp = slope × T. The values of the intercept and slope shown are obtained assuming linear plots. It has been found that T comp p T (298.15 K). The intercepts, i.e. ΔG comp are also much different from the experimented values. These slope and intercept values are considered to be the values in the hypothetical state of EEC processes defined in our earlier study 6 . Compensation effect produces a state where T comp and ΔG comp are much different and mostly greater than T expt = 298.15 K and the average of the free energies of the similar processes that are dealt with. The systems (alkanes and alkanols) under treatment are physico-chemically much different from what they are at the experimented condition. In the hypothetical states, the alkanes and alkanols at high T comp (555.6 and 475.6 K respectively) would be in the gaseous phase; the experimented, gas ↔ liquid equilibrium should be absent. So, we are talking about impractical outputs from practical conditions. This conceptual paradox of EEC was not addressed in the past. Higher T comp than T expt means shifting of the thermodynamic state from the actual. It is a state where all the similar processes in view are supposed to show same or nearly same ΔG comp (different from the ΔG values of all the similar processes considered) at T comp p T expt . In practice, the cited results are implausible, and cannot be error related. Hence, we may conclude that in EEC cases as T comp is always greater than T expt , they are without a convincing thermodynamic basis.
The above plots are constituted of many systematic experimental points which are normally not available in literature. Usually limited experimented points are displayed with their errors, and apparent linearity is demonstrated as EEC. So the plot becomes a matter of convenience; the produced T comp and ΔG comp are only reported without analysis. Therefore, EEC is a doubtful proposition. 
Some recent opinions on EEC
Several recent opinions on EEC manifestations are discussed in the present context. Referring the studies on proteins, protein-ligand interactions, and protein-nucleic acid interactions, Khrapunov 23 concluded that 'Enthalpyentropy compensation (EEC) is mainly the trivial consequence of the basic thermodynamic laws'; also 'apparent correlation between H and TS can arise because the measured values of G tend to occupy a restricted range while ΔH and ΔS can vary over a much wider range -a phenomenon sometimes termed the 'window effect'. Nearly constant free energy change and varied enthalpy and entropy changes of biological binding, and interacting systems are also recently reported in detail by Dragan et al. 24 . They have attempted to explain the constancy of free energy from structural changes, and solvationdesolvation related mechanisms.
In the previous section, we have shown that for a constant FEW or FEW in a narrow range, the compensation eq. (2) is not valid; the results must follow the wellestablished thermodynamic eq. (1). Thus, the findings of Khrapunov 23 and Dragan et al. 24 do not throw any new light. The thermodynamics of the systems they have presented do not qualify to be of EEC status. There the slopes of the plots were expected to be ≈T expt . It may also be mentioned here that Khakhel and Romashko 25 in a recent paper discussed the compensation phenomenon in relation to pyrene excimer formation process. They explained the phenomenon by using the change in 'phase volume' of the systems. However, it should be noted that in thermodynamics, phase volume is taken to be constant and, therefore, this idea is not contributing any new thermodynamic input in the EEC process.
Vázquez-Tato et al. 26 published a paper on compensation temperature for micellization of surfactants collect-ing ITC (isothermal titration calorimetry) data of systems at different temperatures. The accepted compensation eq.
(2) (presented herein) deals with measurements of similar systems at a constant temperature, and the enthalpyentropy plot produces a slope which differs from the experimental temperature, and it is termed the compensation temperature (T comp ). The eq. (1) presented by Vazquez-Tato et al. 27 : Δ = Δ + ΔS (intercept stands for 'solute-solute interaction'; slope stands for 'solutesolvent interaction') is not compatible with our requirements. The proposed equation by Chen et al. 27 too is entirely different from EEC relation. It is also thermodynamically incorrect. Obviously, its use in the literature is also quite limited.
Anti-enthalpy-entropy compensation
Normally, for different processes we find that enthalpy increases with entropy, the ΔH-ΔS plots come out with positive slopes, and T comp > T expt . For inverse relation between ΔH and ΔS, the EEC slope becomes reverse, i.e. negative as presented in Figure 5 a. Linearity may not be observed here also like EEC, as reported in our recent publications 8, 9 . In a narrow range of FEW, the results appear to be linear. Anti-enthalpy-entropy compensation (AEEC) is also reported less in literature [10] [11] [12] for gas phase molecular association, substitution, etc. Micelle formation of homologous series of amphiphiles 7 may also witness AEEC phenomenon. Realistic nonlinear plots are shown in Figure 5 b for micellization of ionic liquids BAILs (biamphiphilic ionic liquids) 18 and AAILs (amino acid-derived ionic liquids) 28 . In AEEC, T comp is negative, and lower than T expt leading to a hypothetical state of bigger puzzle, i.e. considerable absurdity for ΔG comp (i.e. the intercept) can even become positive 9 (Figures 1 a, 3 and 5 b) . As an association process reverts to dissociation; a micellization process reverts to demicellization, etc. producing reverse ΔH-ΔS correlations.
Conclusion
EEC is widely studied for many kinds of chemical and biochemical processes but the origin of the phenomenon is still unsolved. Various reasons and explanations have been put forward with the progress of time, but without a pragmatic solution. In EEC, we deal with experimentally determined thermodynamic parameters but talk about something extra-thermodynamic. In this study, eq. (1) has four thermodynamic parameters (ΔG, ΔH, ΔS and T) of which ΔG has so far been given less or no cognizance in framing the EEC correlation. In our earlier study, and also herein, we have considered the importance of FEW in the explanation, showing that in relation to eq. (1), the EEC plot (eq. (2)) is thermodynamically unsound, and the so called compensation temperature (T comp ) is a nonexplainable quantity. The intercept of eq. (2) at ΔS = 0 has a dimension of free energy (ΔG comp ). It also needs an explanation. These two restrictions arising out of experimental measurements strongly raise questions on the manifesting features of EEC. It is a FEW dependent ΔH-ΔS correlation. The non-linear (curved) plot in a short range of FEW might appear linear, and has been irrationally taken for granted as the linear EEC line 8 . At FEW = 0, eq. (2) = eq. (1) with unique values of the slope β = T expt and α = ΔG (a constant and measurable quantity and not arbitrary). Thermodynamic findings of similar processes as treated in EEC thus produce non-definable results. Therefore, experimentally determined parameters of similar systems are not thermodynamically permitted to combine to produce non-real results. The EEC plot appears to represent an impractical condition where similar physico-chemical processes, if studied at T comp would all produce equal free energy changes 6 . Therefore, EEC effectively is an impractical proposition (or concept).
The thermodynamic features of EEC discussed above also equally apply to the anti-compensation effect or AEEC, where T comp < T expt creating a bigger puzzle to the compensation issue ( Figure 5 b) . A negative T comp is an unrealistic result obtained from experimentations performed at ambient temperatures and above. Here also, nature of the ΔH versus ΔS plot is controlled by the width of FEW 8,9 . In conclusion, we state the following: Similar processes at a constant temperature producing different sets of thermodynamic parameters (ΔG, ΔH and ΔS) are thermodynamically non-correlative. Experimentally determined thermodynamic parameters of similar systems processed in a rational way are unlikely to become extrathermodynamic. The EEC, AEEC and NEEC (noncompensation, weak self-association of molecules in the gas phase) 9,10 phenomena, thereby do not qualify for critical analysis and explanation. In a narrow FEW range in practice, similar systems may apparently exhibit linear EEC correlation but the observed slopes and intercepts may be much different from expectation; they are hypothetical in nature. In a narrow FEW range, dissimilar systems alone or mixed with similar systems can also manifest EECand AEEC-type behaviour challenging the basic premise of the 'so called' EEC and AEEC phenomena. So both the phenomena are fundamentally unreal, physico-chemically uncertain supporting Cornish-Bowden's opinion, i.e. 'enthalpy-entropy compensation: a phantom phenomenon 1 '.
